Chromitites from layered mafic intrusions are of great economic importance, yet the origin of these deposits remains enigmatic. We describe multiphase silicate inclusions trapped within chromite grains from the G chromitite seam of the Stillwater Complex, Montana, United States. These inclusions are interpreted to represent melt trapped during chromite growth and hence provide information on chromitite formation. Most reheated inclusions have variable quench textures and chemical compositions that are consistent with variable degrees of mixing between a high-Mg basaltic parental magma and a Na-rich trondhjemitic melt. The trondhjemite is suggested to derive from partial melting of mafic or metasedimentary country rocks. Based on these inclusions, we outline a model for chromitite formation involving ponding of a new pulse of primitive magma at the roof of the Stillwater magma chamber, followed by localized partial melting and assimilation of the country rock. The newly formed hybrid melts become oversaturated in chromite, leading to extensive chromite crystallization. Chromitite horizons are proposed to form from dense chromiterich plumes that periodically sink down from the roof zone to settle out as layers at the basal cumulate mush zone. Numerous radiogenic isotope studies, together with the widespread occurrence of similar multiphase inclusions in chromite from other cumulate complexes, indicate that assimilation of country rock by primitive magma may be a critical mechanism for forming chromitites in many layered intrusions.
INTRODUCTION
Layered mafic intrusions not only represent natural laboratories for studying processes of magmatic differentiation and assimilation within the crust, but may also contain extensive precious and base metal mineralization. Chromite-rich seams (chromitites) within layered intrusions, such as the Bushveld and Stillwater Complexes, host the majority of the world's Cr reserves and may contain significant platinum group element (PGE) mineralization. These chromitite horizons have been subject to extensive prior study, yet their origin and evolution remain highly debated. Chromium is relatively immobile during hydrothermal processes, and chromite is only a minor phase produced during closed-system cotectic crystallization of mafic parent magma (e.g., Campbell and Murck, 1993) . Therefore, exceptional magmatic processes are required for chromitite formation. Most commonly proposed triggers for extensive chromite crystallization include: (1) a pressure change in the magma chamber (Cameron, 1977) ; (2) a change in oxygen fugacity of the magma (Ulmer, 1969) ; (3) interaction of seawater or alkaline fluids and primitive magma (Talkington et al., 1984; Whittaker and Watkinson, 1984) ; (4) mixing of primitive magma with fractionated residual magma (Irvine, 1977; Campbell and Murck, *Corresponding author. E-mail: Carl.Spandler@anu.edu.au. 1993); and (5) assimilation of country rock by primitive magma (Irvine, 1975; Kinnaird et al., 2002) .
The antiquity and slow cooling of most chromitite-bearing layered intrusions have hindered our understanding of the genesis of chromitites and layered intrusions in general. The primary petrologic and geochemical evidence that are crucial for determining the evolution of cumulate rocks are often removed during subsolidus reequilibration and subsequent hydrothermal alteration or metamorphism. Furthermore, the compositions of the parental magmas of these intrusions-critical information for understanding chromitite formation-remain poorly constrained.
Melt inclusion studies have been extensively used for investigating volcanic systems, yet have largely been ignored by researchers of layered intrusions. Trapped within cumulus minerals, melt inclusions may remain unaffected by postcrystallization alteration and hence may be useful for determining parent magma compositions (Spandler et al., 2000) or for unraveling complex processes such as magma mixing or assimilation. In this paper we examine multiphase inclusions within chromite from the G chromitite seam of the Stillwater Complex, Montana. These inclusions are interpreted to be crystallized melt inclusions that were trapped during chromite growth, and hence they provide fundamental information on the composition of the cumulate-forming magmas and, more significantly, allow us to establish the processes responsible for chromitite formation.
GEOLOGICAL SETTING AND SAMPLE DESCRIPTION
The 2.7 Ga Stillwater Complex is composed of a Ͼ6-km-thick sequence of mafic and ultramafic cumulates emplaced into the Archean metasedimentary rocks of the Beartooth Mountains, Montana, United States. Mineralogical and isotopic variations through the sequence indicate that several magma types and multiple magma injections were responsible for cumulate formation (McCallum, 1996) . The peridotite zone near the base of the complex includes at least 20 cyclic units consisting of olivine, olivine-orthopyroxene, and orthopyroxene cumulates (Raedeke and McCallum, 1984) . Chromitite layers that occur near the base of many of the cyclic units are sequentially labeled from A (lowermost) through K (uppermost). The G and H chromitites are the thickest and most economically important seams (Campbell and Murck, 1993) .
In this study we examine a sample of the main G chromitite seam collected from above the Benbow Mine head frame. The sample consists of 1-2 mm cumulus chromite grains set in a matrix of foliated serpentinite. Polished sections of the sample reveal that isolated multiphase inclusions or inclusion clusters occur within the core zones of at least 20% of the chromite grains. Similar inclusions in ultramafic zone chromites were described by Jackson (1961) and Page (1971) . It is well known that chromitite layers undergo recrystallization during cooling (e.g., Campbell and Murck, 1993) . Nonetheless, highresolution backscattered-electron imaging of the chromite grains (see GSA Data Repository 1 ) reveals the location of the original magmatic grain boundaries, and in almost all cases, the inclusions are within the original chromite crystals (Figs 1A, 1B).
We examined more than 100 individual inclusions ranging in size from 10 to 100 m. All inclusions have rounded or negative crystal shapes and consist of two or more phases. Enstatite and aspidolite (Naphlogopite) are always present, and in all cases compose the majority of the inclusions (Fig. 1C ). Other common phases include magnesiokatophorite (Na-Ca amphibole), albite, and diopside. Tiny chalcopyrite crystals were identified in only two of the inclusions. Between inclusions there is little variation in mineral compositions, but mineral proportions may be highly variable. Representative compositions of these minerals and the host chromite are presented in Table DR1 (see footnote 1). The ferromagnesian inclusion minerals are close to the pure Mg end-member compositions, and mica and amphibole in the inclusions are significantly more Na rich than primary amphibole and phlogopite from the surrounding cumulates (Page and Zientek, 1987) . The composition of the host chromite is typical of high-temperature magmatic chromite, and is similar to chromite reported from other sections of the G chromitite (Campbell and Murck, 1993) .
We interpret the inclusions as crystallized silicate melt inclusions, based on their containment within magmatic chromite, their morphology, their similar multisilicate mineral composition, and their behavior on reheating. In order to establish the chemical composition of these trapped melts, we attempted to rehomogenize the inclusions by heating clean chromite separates enclosed in platinum capsules in a 1 atm furnace for 1 h, followed by rapid quenching. Oxygen fugacity was set at fayalite-magnetite-quartz buffer conditions, and temperatures varied from 1300 to 1450 ЊC. After quenching, the chromite grains were mounted in epoxy and polished to expose inclusions. Inclusions were then examined and analyzed for major elements using an energy dispersive spectrometer-equipped scanning electron microscope (SEM). Instrument specifications and analytical techniques are given in the GSA Data Repository (see footnote 1).
COMPOSITION OF THE MELT INCLUSIONS
In experiments conducted at 1300-1400 ЊC, some inclusions were homogenized and quenched to glass, but many only underwent partial remelting. Complete remelting and rehomogenization of all inclusions was only achieved at 1450 ЊC, so we only present data for inclusions quenched at 1450 ЊC. Three types of homogenized inclusions were observed by SEM. Roughly half of the inclusions were quenched to a homogeneous glass (type 1; Fig. 2A ), whereas most other inclusions quenched to glass intergrown with spinifex-textured olivine (type 2; Fig. 2B ). Both type 1 and 2 inclusions may have contained one or more vapor bubbles, but the vapor phase composed Ͻ5% of these inclusions in all cases. Type 3 inclusions composed Ͻ5% of the total inclusion population and consisted of a large vapor bubble with a small rim of melt (Fig. 2C) .
Representative compositions of the homogenized inclusion are presented in Table DR2 (see footnote 1). All inclusions have significantly higher FeO ϩ MgO and lower Al 2 O 3 compared to typical basaltic melts. Type 2 inclusions have the highest ferromagnesian contents. Type 1 and 2 inclusions vary in composition, but generally have relatively low SiO 2 , very low CaO, and high Na 2 O contents. Chlorine concentrations are elevated compared to typical oceanic basalts (Boudreau et al., 1997) . Melt compositions from the type 3 inclusions are generally similar to the type 1 and 2 inclusions, except they contain lower Na 2 O and much higher CaO concentrations.
In general, the chemical compositions of the type 1 and 2 inclusions are consistent with the assemblage of daughter minerals in the unheated inclusions. However, the daughter minerals are lacking in Fe, whereas the homogenized inclusions contain high Fe contents. This discrepancy is caused by extensive exchange of divalent Fe, Mg, and Mn between the melt inclusions and chromite host during the rehomogenization procedures (e.g., Danyushevsky et al., 2000) . Moreover, the Mg-rich compositions of the daughter minerals are regarded as an artifact of divalent cation exchange with the chromite host during the slow cooling of the cumulate sequence. Consequently, the MgO, FeO, and MnO contents of the reheated inclusions are not considered to be representative of the original trapped melts, although the total atomic proportion of Fe ϩ Mn ϩ Mg in the inclusions should have remained constant. Therefore, meaningful interpretation of the inclusion compositions can be made by recasting the element concentrations as atomic percent (Table DR2 ). Collectively, the type 1 and 2 inclusions span a continuous compositional range from high Fe ϩ Mg ϩ Mn, low Si melts through to relatively high Si, Al, and Na, and relatively low Fe ϩ Mg ϩ Mn melts (Fig. 3) . There is a slight trend of decreasing K with decreasing Fe ϩ Mg ϩ Mn, while Ca and Cl contents do not correlate with any other element.
DISCUSSION

Origin of the Melt Inclusions
The melt inclusion compositions described here are unlike any magma that has been proposed as parental to any layered intrusion. We interpret the type 1 and 2 inclusion suites to represent products of variable mixing between two end-member components. The ferromagnesian-rich end member is suggested to be high-Mg basaltic magma that may be parental to much of the ultramafic series of the Stillwater Complex (McCallum, 1996) . The presence of hydrous daughter minerals and high Cl contents in even the most primitive melt inclusions supports the suggestions of Boudreau et al. (1997) that this parent magma may have contained a significant volatile component. The Si-rich end member is interpreted to be silicate melt rather than a Cl-bearing fluid because of the relatively low vapor component, the lack of correlation between Na and Cl, and excellent correlation between Na, Al, and Si (Fig. 3) . Furthermore, this component cannot represent residual magma produced by parent magma fractionation, because there is an opposing relationship between incompatible elements K and Na. The end member is expected to be trondhjemitic in composition with very high Na and Na/K contents. The source of this component is suggested to be partial melt of crystallized mafic wall rock or metasedimentary country rock to the complex. Partial melts of hornfels facies country rock have previously been described from the basal zone of the complex (Page, 1979) . Therefore, the type 1 and 2 inclusions are interpreted to represent disequilibrium melt compositions formed by variable degrees of mixing between partially melted country rock and primitive parent magma. We expect that even the most primitive melt inclusions contain at least 10% of the trondhjemitic melt component. Conditions for entrapment of melt inclusions are most favorable close to the wall rock-parental magma interface (Danyushevsky et al., 2004) , so it is likely that the type 1 and 2 inclusions only represent localized melt contamination processes. Similar processes were invoked by Danyushevsky et al. (2004) to explain unusual melt inclusion compositions trapped in forsteritic olivine phenocrysts from volcanic rocks.
Crystallized equivalents of the type 3 inclusions have not been identified, so the nature of these inclusions remains poorly constrained. Homogenized type 3 inclusions are dominated by a bubble (Fig. 2C) and are contained within primary chromite. Thus they represent a fluid phase trapped during chromite growth, rather than during subsequent hydrothermal alteration or metamorphism. The enrichment of Ca in the small volumes of melt trapped with the fluid indicates that the fluid was probably Ca rich, with Ca partitioning into the melt during the rehomogenization procedures. Exsolution of a Ca-rich fluid during country-rock assimilation and chromite crystallization would also account for the very low CaO contents of the type 1 and 2 inclusions.
Model for Chromitite Formation
Because the melt inclusions represent samples of the melt responsible for chromite crystallization, they provide important information on the mechanisms of chromitite formation. We have shown that the inclusions do not represent mixing of primitive magma with fluid or residual fractionated magma, so these processes are discounted as mechanisms of formation of the G chromitite. Instead, localized assimilation of country rock by parental magma is the proposed trigger for supersaturation of chromite.
We propose a model for chromitite formation (Fig. 4 ) similar to that outlined by Irvine (1975) and Kinnaird et al. (2002) . Batches of high-Mg basaltic parent magma are expected to have periodically injected into the Stillwater magma chamber during accumulation of the peridotite zone (Raedeke and McCallum, 1984) . We suggest that the high temperature (Ͼ1400 ЊC) of the parent magma allowed it to ascend to the roof of the chamber. Metasedimentary country rocks or prior crystallized mafic rocks at the roof of the chamber underwent partial fusion to form high-Na trondhjemitic liquids. The original roof rocks to the Stillwater Complex are not preserved, but evidence of countryrock melting at the roof of other similar layered intrusions has been well documented (e.g., Irvine, 1975) . Mixing between the trondhjemite and parent magma at the roof of the magma chamber led to localized hybridization and rapid cooling of the melt. Irvine (1975) demonstrated that contamination of basaltic or picritic melts with even small amounts of silica and alkalies may suppress olivine crystallization, leaving chromite as the only crystallizing phase. Therefore, the magma mixing and associated cooling would lead to extensive chromite crystallization and may also have caused exsolution of a minor fluid phase. Rapid chromite growth promoted entrapment of samples of the hybrid magma and exsolved fluid as inclusions. Rapid crystallization and cooling would also promote convective overturn of the parental magma at the roof of the chamber (Marsh, 1988) , allowing large volumes of primitive magma to interact with the country rock over a relatively short time, and hence, extensive chromite accumulation. Due to density contrasts, the accumulating chromite is expected to have periodically sunk through the underlying magma as plumes (Marsh, 1988) to settle out within the cumulate mush near the base of the chamber (Fig. 4) . Regular seismic events may have had an important role in initiating the plume migration and causing liquefaction of the cumulate mush, which allowed development of laterally continuous chromitite layers within the mush, as suggested by Nex (2004) . This model is consistent with the recent recognition of numerous low-angle unconformities in the peridotite zone cumulate sequence (Cooper, 1997) , the lack of compositional variations in cumulus minerals that would be expected for in situ cumulate formation (Raedeke and McCallum, 1984; Campbell and Murck, 1993) , and radiogenic isotope data of Stillwater chromitites that require the addition of crustal contaminants in the magma chamber (Lambert et al., 1994; Horan et al., 2001) .
The evidence presented here concerning chromitite formation in the Stillwater Complex is also relevant for mineralization in other magmatic complexes. Chromite-hosted inclusions consisting of unusual alkaline mineral assemblages have been reported in chromitites from other layered intrusions (e.g., McDonald, 1965; Irvine, 1975; Talkington et al., 1984) . Na-phlogopite is almost exclusively found only as inclusions in chromitites (e.g., Costa et al., 2001) . Like the Stillwater chromite inclusions described here, it is likely that most of these inclusions represent hybrid melts trapped during chromite formation. Based on this premise, and consistent with numerous isotopic studies that necessitate crustal assimilation into the parental magmas of chromitites (e.g., Schoenberg et al., 1999; Kinnaird et al., 2002) , we propose that processes similar to the model outlined here may cause chromitite formation in many cumulate complexes. Mixing of crustally contaminated and mantle-derived magma is also invoked as the mechanism responsible for sulfide liquid saturation and PGE mineralization in layered intrusions (Schoenberg et al., 1999 , and references therein).
Country-rock assimilation and magma mixing are commonly regarded to be critical processes for mineralization and cumulate formation in layered intrusions, yet postmagmatic recrystallization of these rocks often removes evidence of these processes. As a final point, we stress the potential benefit of studying melt inclusions contained in cumulus minerals for understanding complex magmatic and cumulate processes.
